Abstract: The genome of the human pathogen Mycobacterium tuberculosis (Mtb) encodes~4,400 proteins, but one third of them have unknown functions. We solved the crystal structure of Rv3651, a hypothetical protein with no discernible similarity to proteins with known function. Rv3651 has a three-domain architecture that combines one cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA (GAF) domain and two Per-ARNT-Sim (PAS) domains. GAF and PAS domains are sensor domains that are typically linked to signaling effector molecules. Unlike these sensoreffector proteins, Rv3651 is an unusual sensor domain-only protein with highly divergent sequence. The structure suggests that Rv3651 integrates multiple different signals and serves as a scaffold to facilitate signal transfer.
Introduction
Proteins of unknown function make up large parts of most genomes, but even advanced sequence analysis often fails to predict their function. 1 Protein structure is generally a better indicator for function than sequence, since the evolutionary restraints on structure are more stringent. 2 A case in point is the
Per-ARNT-Sim (PAS) domain, a ubiquitous protein domain involved in many signaling pathways. 3 The PAS domain is defined by a highly conserved core structure, but the sequence similarity between related domains is typically not more than 20%. 4, 5 The PAS and related GAF domains are highly versatile sensor domains that associate with a range of signaling effectors, in particular with histidine kinases of bacterial two component systems. 6 The PAS domain binds a wide variety of ligands from diatomic gases to proteins that activate their associated signaling domains. Typically, one or several PAS domains are fused to the N-terminus of one or several effector domains, creating a remarkable combinatorial diversity among the PAS domain-containing proteins. Over one third of all Mtb gene products are currently hypothetical proteins that have unknown functions. 7 The incomplete annotation of Mtb is a major hurdle for tuberculosis research because the hypothetical proteins are likely enriched in proteins important for the specialized biology and pathogenesis of Mtb. Rv3651 is such a conserved hypothetical protein with unknown function that has no informative sequence similarity to proteins with known functions and that is predicted to be essential for Mtb pathogenesis. 8 The crystal structure of Rv3651 revealed an unusual sensor-only protein with one GAF and two PAS domains and provides a new architecture within the PAS-and GAF-domain containing proteins that is indicative of a scaffold function to coordinate binding of three different ligands.
Results and Discussion
A search of the Pfam database did not detect any similarity of Rv3651 to known domains. A BLAST search produced many orthologs in slow-growing Mycobacteria with sequence identity of >77%, but only five homologs with sequence identity >30% outside the Mycobacterium genus, but also within the Actinobacteria. All orthologs are similarly hypothetical proteins or proteins of unknown function. Thus, sequence comparison did not provide any clue to Rv3651 structure or function. We next solved the crystal structure of Rv3651 to 1.95Å and refined the structure to an R-factor of 0.182 and an R-free of 0.218 (Table I ). Rv3651 crystallized as a dimer. The structure comprises residues 1-339 of the 345 amino acid protein of protomer one, and residues 1-338 of protomer two. The overall fold showed an extended configuration of three bsheets each interspersed with a-helices and two extended linkers connecting the sheets, suggesting a modular organization of three distinct domains [ Fig The closest structural homologs determined by PDBeFold of all three domains by Ca root mean square deviation (rmsd) were PAS domains-the sensory box of a Vibrio cholera histidine kinase (PDB code 3MXQ, Ca rmsd of 1.73Å ), a sensory box histidine kinase from Burkholderia (PDB code 3MR0, Ca rmsd of 2.3Å ), and the circadian clock protein BMAL2 (PDB code 2KDK, Ca rmsd of 2.43Å ), respectively. Closer inspection showed that domains 2 and 3 are indeed PAS domains with the signature b-sheet topology, consistent with their closest structural matches. Due to missing density in domain 3, only two of the typical three helices that connect strand 2 with 3 are visible, but secondary structure prediction (JPred4 10 ) suggests that the missing ten residues likely form the canonical third helix. Domain 1, however, diverged from the canonical PAS fold, with an additional strand and different number and position of helices that is more similar to the PAS-related GAF domain. 11 Comparison of the GAF and PAS domains with one another (excluding N-and C-terminal helices) gave an rmsd of 3Å , 3.6Å , and 3.2Å for domains 1 and 2, 1 and 3, and 2 and 3, respectively, as determined by a pairwise alignment using the DALI server. 12 Thus, the three domains are more similar to PAS domains from orthologs than to each other, suggesting binding to different ligands. Together, the crystal structure identifies Rv3651 as an unusual sensor domain- Rfree 5 RhjjFobs| -|Fcalcjj/Rh|Fobs|. The free R factor was calculated using 5% of the reflections omitted from the refinement. Values in parentheses are for the highest resolution shell. Crystallographic and refinement parameters generated with MolProbity (20) . The MolProbity score is a measure for the structure's quality and gives the resolution at which these quality characteristics would be expected.
only protein with one GAF and two PAS domains, but without an additional enzymatic domain. PAS domains frequently facilitate dimerization.
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Rv3651 also forms a parallel dimer through domain 3 interactions [ Fig. 2(A) ]. The dimer is held together by a typical interaction of the first helix of domain 3, with the other two domains extending outward and away from each other, forming a lung-shaped overall structure. The dimer interface comprises residues in helix 1 from domain 3. In Rv3651, helix 1 from both protomers cross over and make extensive and largely symmetric interactions with 24 residues of the other protomer, including six hydrogen bonds and a hydrophobic patch along helix 1, resulting in a combined surface area of 1134Å as determined using PISA. 13 The elution time of recombinant Rv3651 after size exclusion chromatography corresponded to a molecular weight of 61 kD, suggesting that the Rv3651 dimer also exists in solution.
Although only few ligands for GAF and PAS domains have been identified to date, most are thought to bind ligands.
3 Domain 2 showed unexplained electron density that fitted a PEG molecule [ Fig. 2(B) ]. PEG is likely a fortuitous ligand, given that only one protomer shows strong density, the interactions with the protein are minimal, and 20% of the crystallization buffer consisted of PEG. The bound ligand fits the inside concave and fairly hydrophobic face of the b-sheet like a ball in glove [ Fig. 2(C) ], similar to ligand-bound PAS domains. 3 An overlay of the FMN-bound PAS domain from the Bacillus subtilis photosensor YtvA 2PR5 14 shows that both ligands bind to the same region on the concave side of the bsheet [ Fig. 2(D) ], indicating that Rv3651 domain 2 has a canonical ligand-binding site. The protein surfaces and electrostatic potentials of the respective ligand binding sites between the three Rv3651 domains showed no obvious charge or shape similarities, suggesting that they bind different ligands. Rv3651 is a unique protein in that it contains only three sensor domains: one GAF and two PAS domains. Many structures of individual PAS domains have been reported, but structures of multiple PAS domain-containing proteins have been elusive. The structure of the Rhodobacter transcription factor PpsR contains three PAS domains in series in addition to a DNA-binding region. 15 Interestingly, the PAS domains in the PpsR structure are interspersed with longer linker segments that form a long helix involved in oligomerization. This arrangement is quite different from the compact and rigid packing of the GAF and PAS domains in Rv3651. Although the dimerization of Rv3651 is reminiscent of a signaling function similar to typical PAS-effector proteins, there is no structural indication that the linkers between the tightly packed PAS domains are flexible and could transmit a signal from one domain to the other, as has been proposed for other PAS-containing proteins. Rv3651 highlights the challenges of predicting function from sequence even for well-known protein domains such as the PAS domain. In this case, sequence similarity to the closest PAS domain with known structure was only 16%, and the crystal structure was thus essential for identifying the GAF and PAS folds. The sensor domain-only architecture of Rv3651 is highly unusual and raises questions about its function: In the absence of an effector domain, how is ligand binding transmitted to produce a cellular outcome? Several possibilities could account for the lack of a typical PAS-associated effector domain. Rv3651 might associate with and activate other proteins in a ligand-dependent manner, effectively functioning as a scaffold. Alternatively, the PAS/GAF domains might themselves have acquired enzymatic activity. A fold with such range and plasticity in ligand binding appears well suited for evolving new functions. Indeed, such a transition from sensor to enzyme was recently described for an N-demethylase that repurposed a heme-sensing PAS domain for oxidative demethylation. 16 The Rv3651 crystal structure revealed a unique PAS/GAF sensor domain-only protein.
The next question will be how this unusual stand-alone triple sensor-protein functions to sense, integrate, and transmit different signals and eventually affects Mtb physiology and pathogenesis.
Methods

Protein expression and purification
Full length Rv3651 was cloned in frame with an Nterminal His6 tag, expressed as selenomethionine- labeled protein in E. coli, and purified by metal affinity and size exclusion chromatography as described previously in detail. 17 Protein was eluted in 20 mM HEPES pH7, 0.3M NaCl, 5% glycerol, and 1 mM TCEP.
Crystallization, data collection, and structure determination
The structure was solved by single anomalous dispersion using selenomethionine-labeled protein.
Crystals were grown at 290K by sitting drop vapor diffusion using a 20 mg/ml protein solution and 200 mM NaBr, 100 mM BisTris propane pH 6.5, 20% PEG 3350 well solution. Crystals were vitrified using 15% ethyleneglycol and data collected at 100K at APS beamline 21-ID-F. Data were processed in XSCALE and reduced by XDS, 18 phases calculated with PHASER, 19 and the model was built and refined in Phenix. 20 The structure was validated with MolProbity. 21 
